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Abstract
Wetlands in arid and semi-arid regions are complex fragile ecosystems that are critical in
maintaining and controlling environmental quality and biodiversity. These wetlands and specially
closed lake systems depend on support processes in upstream parts of the basin or recharge zone,
as small changes in river flow regime can cause significant changes in lake level, salinity and
productivity. Recent strong alterations in river flow regimes due to climate and land use change
have resulted in ecosystem degradation and desiccation of many saline lakes in arid and semi-arid
regions. Because of the low economic value of these lakes, their hydrology has not been monitored
accurately, making it difﬁcult to determine water balance and assess the role of water use and
climate in lake desiccation. Furthermore, available data are usually of coarse resolution on both
spatial and temporal scale.
New frameworks using all available data and refining existing information on lake basins were
developed in this thesis to assess regional differences in water resource availability, impacts of
human activities on river flow regime alteration and agricultural land use change. The frameworks
were applied to study causes and impacts of desiccation of a major lake, Lake Urmia, one of the
largest saltwater lakes on Earth. This highly endangered ecosystem is on the brink of a major
environmental disaster resembling that around the Aral Sea. The spatial pattern of precipitation
across the Lake Urmia basin was investigated, to shed light on regional differences in water
availability. Using large numbers of rainfall records and a wide array of statistical descriptors,
precipitation across space and time was evaluated. Another important research component
involved examining streamflow records for headwaters and lowland reaches of the Lake Urmia
basin, in order to determine whether observed changes are mainly due to climate change or
anthropogenic activities (e.g. water withdrawal for domestic and irrigation purposes).
Principal component and clustering analyses of all available precipitation data for the lake
basin revealed a heterogeneous precipitation pattern, but also permitted delineation of three
homogeneous precipitation areas within the region. Further analysis identified variation in
seasonal precipitation as the most important factor controlling the spatial precipitation pattern in
the basin. The results showed that climate change impact on headwaters is insignificant and that
irrigation is the main driving force for river flow regime alterations in the basin. This is supported
by evidence that the headwaters have relatively remained unaffected by agriculture and by lack of
significant changes in the historical records.
The approach presented, involving clear interpretation of existing information, can be useful
in communicating land use and climate change information to decision makers and lake
restoration planners.

Keywords: agriculture, arid, climate change and variability, crop classification, flow
regime alteration, impact assessment, Iran, principal component analysis, spatial pattern
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Tiivistelmä
Kuivilla aridisilla ja semiaridisilla alueilla sijaitsevat kosteikot ovat hauraita ekosysteemejä. Ne
ovat myös tavallista tärkeämpiä, koska ne ylläpitävät ja säätelevät ympäristön laatua sekä luonnon monimuotoisuutta. Nämä kosteikot, kuten valtaosa muistakin kosteikoista, ovat riippuvaisia
vesistöalueen ylemmillä osilla tehdyistä toimista kuten vesistöjen säännöstelystä. Jopa pienet
muutokset jokien virtauksissa voivat aiheuttaa merkittäviä muutoksia järvien vedenpinnan korkeuteen, suolapitoisuuteen ja tuottavuuteen. Viimeaikaiset ilmastonmuutoksen ja maankäytön
muutosten aiheuttamat voimakkaat muutokset jokien virtaamiin ovat johtaneet ekosysteemien
rappeutumiseen sekä monien suolajärvien kuivumiseen kuivilla ja puolikuivilla alueilla. Kuivilla alueilla sijaitsevien suolajärvien hydrologiaa ei ole tarkkailtu riittävästi niiden alhaisemman
taloudellisen arvon vuoksi. Se hankaloittaa vesitaseen määrittämistä. Tarkkojen tietojen puuttuessa on vaikea arvioida myös sitä, miten vedenkäyttö ja ilmasto ovat vaikuttaneet järvien kuivumiseen. Lisäksi saatavilla olevat tiedot ovat yleensä sekä ajallisesti että alueellisesti epätarkkoja. Analysointiin tarvittavien tietojen ja välineiden puute saattaa pahimmillaan johtaa ristiriitaisiin oletuksiin.
Väitöstyön päätavoite on tarjota puitteet, joilla parannetaan ymmärrystä vesivarojen alueellisista eroista, ihmisen toiminnan vaikutuksista jokien virtausten muutoksiin ja maatalouden
maankäytön muutoksista käyttäen kaikkea saatavilla olevaa dataa sekä täsmentäen samalla
vesistöistä jo olemassa olevaa tietoa. Väitöskirja tutkii yhden suuren järven kuivumisen syitä ja
seurauksia. Urmiajärvi on yksi maapallon suurimmista suolajärvistä sekä erittäin uhanalainen
ekosysteemi. Järvi on samankaltaisen ympäristökatastrofin partaalla, joka aiheutti Araljärven
kuivumisen. Väitöskirja antaa tietoa veden saatavuuden alueellisista eroista tutkimalla sademäärien alueellista jakautumista Urmiajärven valuma-alueella. Tutkielmassa arvioidaan sadannan
ajallista ja paikallista vaihtelua erilaisten tilastollisten menetelmien avulla. Tutkielman toinen
tärkeä osa keskittyy vesialtaan latvavesistön ja tasankoalueiden valumatietoihin. Tämän osuuden päätavoite on määritellä johtuvatko havaitut muutokset järvessä pääasiassa ilmastonmuutoksesta vai ihmisen toiminnasta kuten kastelusta.
Sadantatietojen pääkomponentti- ja ryhmittelyanalyysien tulokset osoittavat, että Urmiajärven allas on sadannaltaan heterogeeninen alue. Analyysi johti seudun jakamiseen kolmeen
homogeeniseen sadanta-alueeseen. Analyysi osoitti, että sademäärien kausittainen vaihtelu on
merkittävin järvialtaan alueellisiin sademääriin vaikuttava tekijä. Tulokset osoittavat, että ilmastonmuutoksen vaikutukset latvavesistöön eivät olleet merkittäviä ja keinokastelu on ylivoimaisesti merkittävin järvialtaan jokien virtausten muutoksiin vaikuttava tekijä. Tätä johtopäätöstä
tukee se tosiseikka, että maanviljelys ei ole juurikaan vaikuttanut latvavesistöihin eikä niissä näy
historiallisten lähteiden perusteella merkittäviä muutoksia. Tutkimuksen hyöty on siinä, että se
tulkitsee saatavilla olevan tiedon selkeästi, joka on avuksi, kun maankäyttöön ja ilmastonmuutokseen liittyviä tietoja välitetään päättäjille ja järven kunnostusta suunnitteleville tahoille.
Asiasanat: alueellinen jakautuminen, aridi, ilmaston vaihtelu, ilmastonmuutos, Iran, maatalous,
pääkomponenttianalyysi, vaikutusten arviointi, viljelysatojen luokittelu, virtausmuutokset
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1

Introduction

1.1

Overview

Wetlands, one of the most important types of ecosystem in the world, not only
provide food, water and shelter for fish, birds and other wildlife, but also play an
important role in maintaining ecosystem functions globally. Wetlands are an
ecotone located in a transitional belt between land and water. According to the
Ramsar Convention, they include all lakes and rivers, underground aquifers,
swamps and marshes, wet grasslands, peatlands, oases, estuaries, deltas and tidal
flats, mangroves and other coastal areas and coral reefs, and also all human-made
sites such as fish ponds, rice paddies, reservoirs and salt pans. Overall, 2261 sites
covering 215,277,357 ha have been identified as Ramsar sites or wetlands of
international importance. These comprise 1087 sites in Europe, 185 sites in Latin
America and the Caribbean, 315 sites in Asia, 378 sites in Africa, 217 sites in North
America and 79 sites in Oceania (Ramsar Convention Secretariat, 2010). However,
with recent developments in industry, national economies and agriculture, wetland
loss and degradation is an indisputable reality, and has resulted in great adverse
impacts on ecosystem goods and services (Zedler & Kercher, 2005). Many studies
have reported that 50% of the world’s wetlands have been lost, although this is
based on inadequate supporting evidence (Finlayson & van der Valk, 2012;
Davidson, 2014). Davidson (2014) reviewed 189 publications describing changes
in wetlands and concluded that, over the long term, wetland conversion and loss
has exceeded 50% and has been as high as 87% since the beginning of the 18th
Century. As a result, many wetland-dependent species, including 21% of bird
species, 37% of mammal species and 20% of freshwater fish species, are either
extinct or globally threatened (MEA, 2005).
Wetlands are important because their hydrological and ecological functions
provide goods and services for the health, safety and welfare of the inhabitant near
the wetland and elsewhere. Wetlands exert an effect on both global and
local/regional climate by supplying the atmosphere with potential or near-potential
evapotranspiration and by taking up carbon dioxide (CO2) and emitting methane
(CH4) (Russi et al., 2013). Regarding biodiversity, although freshwater wetlands
cover only 1% of the Earth’s surface, these wetlands provide a home to 40% of the
world’s species (Mitra & Bianchi, 2003). Hydrologically, wetlands replenish
groundwater, regulate water movement and purify water, completing these
17

important parts of the hydrological cycle (MEA, 2005). Wetlands are often the only
places where certain functions take place, so these will be lost if the wetland is
destroyed. Yet these ecosystems are under threat from agricultural intensification,
pollution, major engineering schemes and urban development.
Projected future climate change impacts would further exacerbate the current
situation of water scarcity in arid and semi-arid regions. These regions would likely
experience more severe and frequent droughts, making future water management
even more difficult (IPCC, 2014). The impacts of droughts in arid and semi-arid
regions can be particularly severe because they add to the existing water scarcity
situation.
While wetlands in arid and semi-arid regions are globally recognised as priority
environments for conservation, they are often the most overused and highly
degraded environments and are also under natural pressures (e.g. climate change)
(Minckley, Turner, & Weinstein, 2013). The aim in this thesis was to bring together
all existing knowledge and information, in order to improve understanding of the
role and impact of climate and human activities on wetlands in arid and semi-arid
regions. The specific objective was to develop simple frameworks that allow
existing information to be exploited to the full in decision-making processes. The
status of wetlands in arid and semi-arid regions of the world is described in depth
in the next section, while wetlands in Iran are described in section 1.3 and the thesis
objectives are presented in section 1.4.
1.2

Wetlands in arid and semi-arid regions

Wetlands in arid and semi-arid regions are complex, fragile ecosystems. They are
especially important because of their role in maintaining and controlling
environmental quality and biodiversity and they undergo extreme changes from the
wet to the dry season (Fig.1). These wetlands are saline or non-saline and are very
dynamic systems, subject to natural (seasonal) and anthropogenic changes which
produce alterations in wetland ecosystems (Hollis, 1990).
In arid and semi-arid zones, potential evapotranspiration is greater than rainfall
during most months, actual evapotranspiration usually equals rainfall, runoff
coefficients are low, and runoff events and groundwater recharge are relatively
infrequent. Therefore, few of the wetlands in such zones are supported by locally
generated water supplies. More usually, they are fed by runoff and/or groundwater
flows from higher and moister parts of the basin and often they are fed by infrequent
floods from the upper basin. Like almost all wetlands, the wetlands in arid and
18

semi-arid zones depend on support processes in upstream parts of the basin or
recharge zone. Groundwater, river water, evapotranspiration and rainfall are
interlinked with wetland processes. Moreover, there is a zone downstream and/or
down the hydraulic gradient and/or beyond the coastal zone which depends upon
wetland hydrology for the maintenance of its essential ecological processes and
water quality. An assessment in 1987 showed that 22 of the world’s most important
wetlands were already at risk of a change in ecological character (Ramsar Bureau,
1987). The problems were reported to be particularly prevalent in dry countries,
owing to reductions in the water supply to wetlands because of water resources
schemes and intensive irrigation (Ramsar Bureau, 1987). The wetlands in such
areas are special places for humans and wildlife because there are fewer of them

Fig. 1 General illustration of wetlands in arid and semi-arid regions and the impact of
climate, industry and agriculture on lake inflow, quality and ecosystems.

than in moister regions. They also create pressure for ‘development’, because they
appear to have a surfeit of water, that scarce arid zone commodity.
19

In dry regions, wetlands are often the focus for development in an attempt to
increase their value to people. However, development projects often destroy
wetland functions and degrade the true value of wetlands, resulting in unsustainable
development and short-term benefits. The development of large irrigation systems
in dry regions has been linked to reduction or disappearance of wetland areas,
accompanied by a significant reduction in groundwater resources, land use changes,
more water drainage and increased waste deposition and wastewater flows (Hollis,
1990).
Threats from drainage, over-exploitation of groundwater and pollution by
agricultural chemicals have been commonly seen in dry countries. For example,
many wetland areas in central Spain are saline or sub-saline and are subject to
natural (seasonal) and man-induced changes. The wetlands affected are exposed to
growing pressures associated with land use changes (agricultural practices) and the
possible effects of climate change. For example, it has been estimated that 60% of
wetland areas in Spain have disappeared in the past four decades and that only 2.8%
are relatively well preserved (Schmid, Koch, Cirujano, & Gumuzzio, 2003).
Wetland degradation has been also observed in America, with e.g. the ciénegas
wetlands in the American Southwest being rapidly degraded in the late 19th and
early 20th Century (Minckley et al., 2013). Wetlands in Western Asia (the Middle
East and Central Asia), where water resources are often scarce, have been subjected
to more severe threats and negative impacts resulting from human activities. The
impacts of human activities on wetlands surrounded by desert or those set in
internal basins are severe. Wetlands have been drained and in-filled for agriculture,
industry and urban development. By the beginning of the 1900s, the majority of
freshwater wetlands in Syria, Lebanon and Israel had already been drained for
agriculture. The Aral Sea in central Asia, the world’s fourth largest lake, supported
a rich fauna and a significant commercial fishery before undergoing critical
ecological changes. Irrigated agriculture in Soviet Central Asia based on the rivers
Amu-darya and Syr-darya reduced inflow to the Aral Sea by so much that the water
level fell 15 m and the water area shrunk by 50% in 30 years, while lake salinity
rose from 10 g/L to 30 g/L through evaporation and inflows of saline drainage water
from the irrigation systems (Micklin, 2016). The desiccation and salinization of the
Aral Sea had serious negative impact on fishing industry, aquatic ecosystems, and
the life of local people (Micklin, 2016). Major changes in the ecological character
of the Azraq oasis in Jordan are due to massive extraction of groundwater from
aquifers, for irrigation and to supply water to Amman (Mirabzadeh A. Parastu,
1999). The vast (480,000 ha), hyper-saline (>150 g/L) lakes Urmia, Parishan and
20

Bakhtegan in Iran, which are among the most important areas for birds in Western
Asia, are in danger of desiccation (Madani, 2014). In this thesis, the most
endangered wetland in Iran (Lake Urmia) was selected as a base on which to
develop analytical frameworks. Iran has over 60 internationally recognised wetland
sites and has the most Ramsar Convention-registered wetlands (24 sites) in western
Asia (Ramsar Convention Secretariat, 2010). Although wetlands in Iran play a
crucial role in providing habitats for migratory birds and are supporting a vast range
of biodiversity, these habitats are not protected from development plans and human
activities.
1.3

Wetlands in Iran

Iran has more than 60 internationally important wetlands, almost all of which are
important breeding areas for birds. Because of its geographically unique area, with
a range of climate conditions, Iran has 41 wetland types out of a total of 42 types
that exist throughout the world and the highest number of registered wetlands in
the Middle East. However, these diverse resources are not immune to the pressures
of over-exploitation and mismanagement, exacerbated by scarcity of water and
climate change (Madani, AghaKouchak, & Mirchi, 2016). Of Iran’s 24 Ramsar
sites, about one-third are under pressure or in a critical condition. Increasing human
population and the associated increase in local herd sizes result in over-grazing,
especially around wetlands. Today, land where vegetation was previously allowed
to recover intermittently is continually grazed or cultivated. Examples of overgrazing are evident in the Karoon marshes and Dez and Karkheh wetlands in Iran
(Mirabzadeh A. Parastu, 1999).
Another example is Kor river, regarded as a significant lifeline to Fars Province
in southern Iran due to its crucial role in socio-economic development of the region
(Zekavat, 1997). The lower part of the river, the Korbal reach, flows into Lake
Bakhtegan. This lake is part of the protected Bakhtegan National Park, where a
wide variety of birds and animals reside (Nafarzadegan, Vagharfard, Nikoo, &
Nohegar, 2018). The water input to Lake Bakhtegan has decreased markedly in
recent years, owing to rising irrigation water demand and consumption enabled by
the construction of several dams on the main branches of the Kor river (Arsanjani,
Javidan, Nazemosadat, Arsanjani, & Vaz, 2015; Haghighi & Kløve, 2017). The
desiccation of this lake has led to the spread of saline areas and occurrence of salt
storms, which cause damage to rain-fed mountainous agriculture and influence the
21

health and livelihood of residents in surrounding areas (Kiani, Ramesht, Maleki, &
Safakish, 2017).
The driving factors that have affected the wetlands in Iran can be divided into
two types: anthropogenic factors (pollution, excessive exploitation of biological
resources, urban construction and aquaculture) and natural factors (climate change
and biological invasion) (Madani et al., 2016). Determining whether wetland
degradation is mainly due to artificial factors or natural factors, i.e. climate change
or water withdrawal for direct human use (e.g. irrigation), is difficult, particularly
for saline lake basins where hydrology data are scarce. The approach developed in
this thesis was to use all existing information on the lake basin to generate a strong
understanding of natural and human-induced changes in the basin. During the past
decade, considerable efforts have been made to improve the management of
wetlands across Iran and mitigate the significant pressures arising from human
activities that are degrading wetland resources (Madani et al., 2016). However, any
restoration plan for wetlands needs a thorough basic study of watershed
characteristics and an analysis of the current situation and changes that have
occurred in the basin.
1.4

Objectives of this thesis

Lake Urmia, Iran’s largest hyper-saline lake, and its supporting wetlands, which are
part of a UNESCO-designated Biosphere Reserve and National Park, are on the
brink of a major environmental disaster. The drive for development and agricultural
independence in Iran has resulted in the agricultural sector becoming the largest
water consumer in the region. Information on changes in climate, river flow regime
alterations and land cover are necessary to reveal the effects of natural and humaninduced processes on the region. Such changes have to be accurately assessed and
mapped, since they represent the greatest environmental impacts during recent
decades. Identification of the ecological changes that have occurred as a result of
agricultural conversion and hydrological alteration can offer new perspectives for
restoration and recreation planning in the Lake Urmia basin. These ecological
changes are usually the result of upstream changes, local transformations and
external factors (e.g. agricultural intensification). Knowledge of the sources and
causes of changes in the lake basin would be a great asset in planning for lake
restoration. The main aim of this thesis work was thus to obtain accurate data on
the current situation in the lake basin, in order to assist in better policy making. The
overall objectives of the work and also presented papers I and II were as follows:
22

Objective 1: Identifying precipitation pattern and spatial distribution in the
lake basin (Paper I)
The natural hydrological process in terminal lakes located in arid and semi-arid
regions usually leads to formation of saline lakes. Saline lake watersheds have not
been monitored thoroughly to date, mainly due to the low economic value of these
lakes until recently. Precipitation is essential for wetlands, as the main source of
water directly or indirectly, but precipitation data on these kinds of wetlands are
often recorded in short and discrete bursts. The objective in Paper I was to develop
a framework for analysing differences in regional water availability with the least
possible loss of information, in order to provide an accurate picture of regional
differences in water availability throughout the region and to refine existing
information on precipitation variability.
Objective 2: Identifying impacts of human activities and climate change on
river flow regime (Paper II)
Water conservancy projects have brought significant opportunities for agriculture
in the Lake Urmia basin, but have also resulted in river flow reductions throughout
the lake basin. Severe river flow reductions in arid and semi-arid regions are mainly
due to human water use and in some regions also to climate change (Bengtsson,
2010; Döll, Fiedler, & Zhang, 2009; Groves, Yates, & Tebaldi, 2008; Keddy et al.,
2009; Milly, Dunne, & Vecchia, 2005; Wu, Liu, & Abdul-Aziz, 2012). Flow regime
alterations have led to considerable changes in saltwater lakes such as the Aral Sea,
Lake Chad, Salton Sea, Great Salt Lake and Lake Urmia (Gordon, Peterson, &
Bennett, 2008; MEA, 2005; Talebi et al., 2015; Wurtsbaugh, 2014). The objective
in Paper II was to develop a unique, sample statistics-based framework for
quantifying and distinguishing between the impacts of climate and land use change
on flow regimes in arid and semi-arid regions and to assess and map the degree of
hydrological alteration in different river reaches in the Lake Urmia basin.
Objective 3: Investigating agricultural land use expansion and conversion
In the Lake Urmia basin, agricultural expansion has led to increases in groundwater
and surface water withdrawals, cutting off water inflows to the lake and
consequently resulting in lake desiccation. Appropriate planning of water resource
use, specifically in irrigation, is becoming increasingly important, given the
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challenges facing already stressed water resources in the basin. However, reliable
data regarding the extent of land use changes and conversions in the agriculture
sector are lacking. Insufficient knowledge of actual irrigation applications hampers
assessment of water management practices in irrigated agricultural lands. Moreover,
accurate and timely information on the location and area of major crop types has
significant economic, food, policy and environmental implications. Agricultural
water management relies on knowledge of crop types to estimate agricultural water
use, since the amount of water required in a land parcel is highly dependent on the
crop type. The task of providing reliable and accurate information on scales from
farmer fields to entire river basins, encompassing millions of hectares of irrigated
land, is far from trivial. However, crop type mapping is an essential input to a
variety of models for estimating water use. The aim was to evaluate the expansion
and conversion of agricultural lands in the Lake Urmia basin, in order to provide
sufficient knowledge for decision makers when formulating lake restoration plans.
Remote sensing offers an efficient and reliable means to map crop types and areas.
The objective was thus to develop a classification approach based on remotely
sensed data for mapping crop types and facilitating agricultural water planning in
the Lake Urmia basin.
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2

Lake Urmia (case study)

Lake Urmia is located in the north-western corner of Iran (37°4´-38°17´N; 45°13´46° E) (Fig.2), and was once one of the largest hyper-saline lakes in the world. Lake
Urmia is an endorheic or terminal lake, meaning that water leaves the lake only by
evaporation. As is generally the case, this leads to a saltwater body and, in the case
of Lake Urmia, the salinity is quite high. The lake has dramatically decreased in
volume over the decades, further concentrating salts in the lake and raising the
salinity to more than 300 g/L (Eimanifar & Mohebbi, 2007). This is eight times as
salty as typical seawater. The lake was declared a wetland of international
importance by the Ramsar Convention in 1971 and was designated a UNESCO
Biosphere Reserve in 1976. Over history, the area occupied by the lake has varied
naturally from 5000 km2 to 6000 km2 owing to seasonal and climate variability, but
the current area is only 1647 km2 (Tourian et al., 2015). During high-water periods,
the lake measures 140 km from north to south and 40-55 km from east to west. The
maximum depth of the lake is about 16 m, which classifies it as a shallow lake,
making it more vulnerable to evaporation (Pengra, 2012).

Fig. 2 Location of Lake Urmia in (left) north-western Iran and (right) the Middle East.
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Aqua-biodiversity is limited by the lake’s salinity. Lake Urmia does not support
any fish species and there are no plants other than phytoplankton within the lake.
There is significant phytoplankton growth, with reports of some dense algal blooms
occurring during years with low salinity (Eimanifar & Mohebbi, 2007). The most
significant aquatic biota in the lake is a brine shrimp species, Artemia urmiana.
This macro-zooplankton species is the key link in the lake’s food chain, consuming
algae and in turn being consumed by a number of bird species, including the lake’s
migratory flamingo population (Abbaspour & Nazaridoust, 2007). The lake, along
with the surrounding wetlands and upland habitats, supports many species of

Fig. 3 Lake Urmia basin, biodiversity and main land uses.
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reptiles, amphibians and mammals (Fig.3). Lake Urmia also provides a very
important seasonal habitat for many species of migrating birds. Around 200 species
of birds have been documented on and surrounding the lake, including pelicans,
egrets, ducks and flamingos (Scott, 2001).
Mean annual precipitation in the basin is around 357 mm, mainly falling in
winter and spring. Mean annual potential evaporation in the basin varies from 1050
mm in the north-east to 1550 mm in the southwest (OWWMP, 2011a). Runoff
occurs mainly in spring, due to snowmelt from mountainous terrain providing water
to the basin’s 15 rivers and the lake. Two rivers in the south of the catchment
(Zarrineh-Rud and Simineh-Rud) provide most of the lake inflow (50%) (Fig.3).
The catchment area of the basin’s rivers varies from 58 km2 (the river Daryan-Chay
at Drayan station) to 11,578 km2 (Zarrineh-Rud at Nezam-Abad station). River
inflow to the lake at the last gauging station varies from 0.15 m3 s-1 (at Khorkhoreh
station on the river Tamar-Chay) to 57 m3 s-1 (at Nezam-Abad station on ZarrinehRud) (Fazel, Torabi Haghighi, & Kløve, 2017).
The lake and its watershed lie between the Iranian provinces of West and East
Azerbaijan, while part of its basin is located in Kurdistan province (Fig.2a). Thus,
three provinces with different management policies and requirements have impacts
on the lake and its basin, mainly through use of water resources. There are
numerous towns and villages in the lake basin and the main income is agriculture
and industry services. Irrigated agriculture and horticulture have long been the main
occupations in the lake basin. Rain-fed cultivation of cereals, and to lesser extent
peas, is also common practice in all parts of the basin. Horticulture is another
important commercial activity in the region. Apples and grapes are the main
horticultural products, while other fruits such as peaches, plums and berries are also
widely grown. The agricultural sector is the main water user in the basin, with an
estimated ~90% of all available water resources in the basin being used in this
sector (Fig.4). Basin-wide, the average efficiency of water use for irrigation is
estimated at 30%. Industry also represents an increasing share in the overall
activities in the lake basin.
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Fig. 4 Proportion of water use by the main water-consuming sectors in the Lake Urmia
basin (OWWMP, 2011b).

Lake Urmia has been shrinking since 1995 (Sima, Ahmadalipour, & Tajrishy, 2013)
and now comprises less than 20% of its previous water volume and 12% of its
original area (AghaKouchak et al., 2015) (Fig.5a). The continuous decline in the
lake water level (Fig.5b) is threatening local hydrology and ecology, and thus the
entire socio-economy of the region. During recent years, lake shrinkage has been
intensified by rapid agricultural development, increased water diversion for
irrigated agriculture and related water and land use changes (Hassanzadeh,
Zarghami, & Hassanzadeh, 2012; Jalili, Kirchner, Livingstone, & Morid, 2012;
Madani, 2014; Zarghami, 2011). By the end of 2015, total dam-regulated volume
of water in the lake basin had increased to 3200 million cubic metres (MCM) (Fazel
et al., 2017).
The desiccation of the lake has also been accompanied by climate change and
more frequent droughts. During recent dry periods in the lake basin, a rapid
decrease in water level has been observed (Fathian, Morid, & Kahya, 2014). In
addition, a causeway has been built across the lake, with only a 1500 m gap for
water to move between the northern and southern halves of the lake. It has been
suggested that this has decreased circulation within the lake and has altered the
pattern of water chemistry. However, empirical evidence suggests that the impact
of the causeway on the uniformity of water chemistry in the lake has been minimal
(Golabian, 2010; Zeinoddini et al., 2014). Exposure of the lake bottom is expected
to result in wind-blown salts, leading to soil degradation (Fathian et al., 2014) and
possibly to salt storms, with major health risk implications.
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Fig. 5 a) Lake Urmia, its main river network and irrigated agricultural lands, based on a
land use map from 2007. b) Lake Urmia water level (metres above sea level (masl)), 19652015 (blue line) and total regulated volume in the lake basin (black line).

29

30

3

Material and methods

3.1

Precipitation pattern in the lake basin (Paper I)

Insufficient monitoring of upstream watersheds in terminal lakes due to their lack
of economic value has resulted in many data-scarce wetlands all over world,
especially in arid and semi-arid regions. In this thesis, a framework was developed
to analyse the spatial pattern of precipitation characteristics in data-scarce wetlands
using all available precipitation data in order to avoid information loss.
3.1.1 Rainfall data availability and pre-processing
Rainfall data for the analysis were obtained from a set of 122 stations, recording
daily precipitation, operated by the Iran Water Resources Management Company
(Fig.6). Observations in this quite dense monitoring network are characterised by
time series of different lengths and frequent missing data. The availability of data
and length of observation period for each station are illustrated in Fig.7. From the
initial database, stations with at least a 30-year time span of data (1981-2010) and
less than 30% missing data were selected, resulting in a sub-set of 50 stations.
These are located within 3 to 290 km distance from each other and were used for
analysis of the spatial structure of precipitation pattern in the Lake Urmia basin.
The spatial structure of precipitation was first determined by spatial correlation
analysis, which involved calculating the Spearman rank correlation between pairwise combinations of rainfall stations for daily, monthly and annual total
precipitation. Simultaneous zero values at both stations were eliminated from the
calculations, in order to reduce spurious correlations. Selecting only with equal
time spans of data and less than 10% missing data for statistical analysis, as
suggested by Subramanya (1994), would have resulted in very few stations being
selected, resulting in loss of representativeness of the selected stations. To avoid
information loss, a shortened time window and limited number of stations were
selected in a methodology that replaces the time series with its statistics (see e.g.
Ramos, 2001; Raziei et al., 2008; Martins et al., 2012; Darand & Daneshvar, 2014;
Gocic & Trajkovic, 2014; Bharath & Srinivas, 2015; Winkler, 2015). As a result, a
new dataset comprising 122 stations was created and used for regionalisation
analysis and identification of precipitation patterns through principal component
analysis and cluster analysis.
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Fig. 6 Topography and location of Lake Urmia Basin in north-west Iran and available
precipitation recording stations. Stations in red have less than 10 years of data, stations
in green have 10-30 years and stations in blue have more than 30 years of data.

Fig. 7 Availability of data for all precipitation recording stations in Lake Urmia basin and
length of the recorded data series.
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3.1.2 Statistical analysis
Statistical analysis to identify the spatial pattern of precipitation in the region
included principal component analysis (PCA) to reduce the dimensionality of the
data and cluster analysis to classify sub-regions with similar precipitation
characteristics. A total of 15 statistical descriptors for seasonal and annual total
precipitation variation (25th percentile, 75th percentile, and coefficient of variation
(CV) for annual and seasonal total precipitation) were calculated for each of the
122 selected time series. As input to the PCA, each time series was represented by
its collection of 15 statistics and no longer by the observed data. The calculated
statistics are listed in the first column of Table 1. Prior to analysis, the adequacy of
the dataset created for PCA was evaluated using the Kaiser-Meyer-Olkin (KMO)
test (Kaiser, 1970). The KMO test value (Eq. 1) ranges from 0 to 1. Values between
0.5 and 1 indicate that the selected dataset is suitable for structural analysis.
=

∑≠
∑≠

2

2

+∑ ≠

2

(1)

where r is the correlation matrix and u is the partial covariance matrix.
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Table 1. Summary of principal component analysis results. RPC= rotated principal
component
Variables

RPC1 RPC2 RPC3 RPC4 RPC5 RPC6

Coefficient of variation for annual total precipitation

-0.04

0.08

0.05

-0.92

-0.21

Coefficient of variation for autumn total precipitation

0.07

0.15

0.01

-0.21

-0.93

0.14

Coefficient of variation for winter total precipitation

0.3

0.05

0.09

-0.15

-0.15

0.91
-0.04

0.21

Coefficient of variation for spring total precipitation

-0.03

-0.05

-0.11

-0.97

-0.03

Coefficient of variation for summer total precipitation

0.01

0.88

0.05

-0.03

-0.08

0.12

25th percentile of annual total precipitation

-0.83

-0.05

0.49

0.04

0.12

-0.06
-0.05

25th percentile of autumn total precipitation

-0.78

0.03

0.21

0.04

0.48

25th percentile of winter total precipitation

-0.94

0.14

0.04

0.01

0.03

-0.21

25th percentile of spring total precipitation

-0.31

-0.1

0.85

0.07

0.05

-0.02

25th percentile of summer total precipitation

0.19

-0.86

0.08

-0.02

0.08

0.07

75th percentile of annual total precipitation

-0.81

-0.04

0.55

-0.05

-0.04

-0.01

75th percentile of autumn total precipitation

-0.88

0.18

0.22

-0.08

-0.11

-0.12

75th percentile of winter total precipitation

-0.95

0.19

0.07

-0.06

0.03

-0.07

75th percentile of spring total precipitation

-0.34

-0.2

0.87

0.02

-0.03

0.15

75th percentile of summer total precipitation

0.19

-0.83

0.43

0.03

-0.01

0.02

Standard deviation

2.211

1.54

1.52

1.365 1.102 1.008

Fraction of explained variance

0.326

0.17

0.16

0.12

Cumulative fraction of explained variance

0.326 0.496 0.656 0.776 0.857 0.925

0.081 0.068

Underscored values with high loadings (>0.70) indicate correlation between variables and RPCs.

Principal component analysis and cluster analysis
Principal component analysis was used to identify spatial properties of precipitation
statistics and homogeneous rainfall regions in the Lake Urmia basin. PCA, a proven
method for climatological regionalisation, can be applied in six different modes
based on the type and method of organisation method used for the input data matrix
(Dinpashoh, Fakheri-Fard, Moghaddam, Jahanbakhsh, & Mirnia, 2004; Richman,
1986). The R mode (data matrix with rows for the stations and columns for the 15
statistics) was used to reduce the complexity of the variables and delineate the
relationship between selected variables. Using the R mode PCA, the selected 15
statistical descriptors were classified into groups with similar spatial distribution.
The number of principal components (PCs) to be retained for further analysis was
decided based on the scree plot and a simple rule of thumb. The orthogonal varimax
method was chosen to rotate the PCA-computed variables and search for spatial
homogeneous clusters. With varimax rotation, the value of large loadings increases
and the value of small loadings decreases (Dinpashoh et al., 2004; Raziei et al.,
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2008; Soulé, 1990). To delineate different precipitation patterns and identify
homogeneous groups in the dataset, the PCA results were subjected to cluster
analysis. Cluster analysis is a useful technique for defining similarity between
groups and classifying them into clusters. All cluster analysis methods are based
on minimising the variance within the clusters. In this thesis work, an
agglomerative hierarchical cluster analysis based on Ward’s method, the most
commonly applied method in climate regionalisation (Sarhadi & Heydarizadeh,
2014; Uvo, 2003), was used for optimal identification of similar groups of stations
in the Lake Urmia basin. The hierarchical clustering method is based on the
distance matrix (Darand & Daneshvar, 2014). To measure the similarity of stations
(distances), the Euclidean distance method was used (Eq. 2).
=

∑

(

−

)2

(2)

where
denotes the kth calculated statistic for station i and
is the kth calculated
statistic for station j. In all, m (=15) statistics are calculated for each station, and
is the Euclidean distance between the two stations (Davis & Sampson, 1986).
Although cluster analysis is a commonly used method, it sometimes needs
subjective adjustments to find the most reasonable classification (Modarres &
Sarhadi, 2011).
3.2

Flow regime alteration analysis (Paper II)

A unique and simple statistics-based framework for quantifying and distinguishing
between the impacts of climate and land-use change on flow regime alterations in
arid and semi-arid regions was developed. This was done by analysing changes in
headwater and lowland river data using the river impact (RI) indicator developed
previously (Torabi Haghighi et al., 2014). The degree of hydrological alteration (i.e.
RI) in different river reaches in the Lake Urmia basin was assessed and mapped.
3.2.1 River network regulation and runoff data in the lake basin
In the Lake Urmia basin, runoff mainly occurs in spring, due to snowmelt from
mountainous terrain, providing water to the basin’s 15 rivers and the lake. Two
rivers in the south of the catchment (Zarrineh-Rud and Simineh-Rud) provide most
of the lake inflow (50%) (Fig.8). The hydrometric network in the lake basin consists
of 110 stream gauges (OWWMP, 2011b). Among these, 57 gauges from all
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mainstreams and associated tributaries were selected to conduct flow regime
analysis in the Lake Urmia basin. These gauging sites were chosen based on the
availability and length of data series. Stations with less than eight years of recorded
data in a period were eliminated from analysis in that period (Fig.8).
More than 170 dams have been built to irrigate the central plains surrounding
Lake Urmia. To maximize irrigation, increase access to water and develop
agriculture in the region, river regulation was started in early 1970 with the
construction of two large reservoirs, on the northward flowing rivers Zarrineh-Rud
(Bukan dam, 0.605 km3) and Mahabad-Chay (Mahabad dam, 0.2 km3). The
Zarrineh-Rud and Simineh-Rud, the largest rivers in the lake basin, are fed by water
from the Zagros Mountains flowing north to the lake. By late 2010, three dams
were regulating about 0.64 km3 water in the southern part of the basin (OWWMP,
2011b). The Godar-Chay, Baranduz-Chay and Shahr-Chay are important rivers
flowing from the west and south-west to the lake and regulate about 0.211 km3
water. The Aji-Chay, the largest river flowing to the lake from the east (Fig.8), has
13 dams on its tributaries and main stream, with a total regulated volume of 0.38
km3. The total dam-regulated volume in the Lake Urmia basin had increased to 3.2
km3 by late 2013 (Fig.9).
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Fig. 8 River network in Lake Urmia basin, stream gauging sites and location of
constructed dams on rivers flowing to Lake Urmia.

Fig. 9 The lake basin’s river impact (RI) index and lake levels in study periods 2-5 (19652013) along with total regulated volume in the lake basin.
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3.2.2 Flow regime assessments
Flow regime alteration can affect three main characteristics of monthly river flow:
i) magnitude, ii) timing and iii) intra-annual variability (Fig.10). To quantify the
impact of natural and anthropogenic river flow alteration and overcome the lack of
daily flow data, the RI index methodology proposed by Torabi Haghighi et al. (2014)
was used to assess the effects of flow magnitude impact factor (MIF), flow regime
variation impact factor (VIF) and flow timing impact factor (TIF). The 57
streamflow gauging stations with at least eight years of records in each period,
chosen from among the initial database of 110 stations, are spread throughout the
headwaters, middle and lower reaches of the rivers in the Lake Urmia basin (see
Fig.9).

Fig. 10 a) Natural flow regime and impacts of dam construction on the flow hydrograph
due to: b) the flow magnitude function (magnitude impact factor, MIF), c) the flow regime
alteration function (variability impact factor, VIF) and d) the flow timing function (TIF)
(based on Torabi Haghighi et al., 2014).

The RI value is calculated from MIF, TIF and VIF as:
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RI = MIF×(TIF+VIF)

(3)

The value varies between 1 (natural river flow) and 0 (completely changed river
flow). The magnitude impact factor is calculated as:
=

/

(4)

where AFPre is the annual flow in the pre-change period and AFPost is the annual
flow in the post-change period for the specific gauge. The intra-annual flow
variability factor (VIF) quantifies the variation in the hydrograph (Haghighi &
Kløve, 2013):
VIF=(50-0.5×I_RR)/100
IRR =

|RRIPre -RRIPost |
RRIPre

(5)

×100

(6)

where RRIPre and RRIPost are the river regime index in the pre-change and postchange periods, respectively. Details of RRI calculation can be found in (Haghighi
& Kløve, 2013). The flow timing impact factor (TIF) takes into account shifts in
maximum, minimum and 50% of discharge cumulative density function (Torabi
Haghighi et al., 2014):
TIF=(50-0.274×TF)/100

=

|

| |

| |

(7)

|

(8)

where DTMax, DTMin and DTMedian is the time shift in monthly maximum discharge,
monthly minimum discharge and CDF50 timing value, respectively. The RI index
range is defined by five different impact classes (Table 2), where a value of 0.8-1.0
represents a low impact (less than 20% alteration in flow regime characteristics),
0.6-0.8 an incipient impact, 0.4-0.6 a moderate impact, 0.2-0.4 a severe impact and
0-0.2 a drastic impact (more than 80% alteration in river flow regime). For more
information, see Torabi Haghighi et al. (2014).
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Table 2. River impact (RI) classes, ranges and percentage alterations in river flow
regime
Impact class

Range of RI

Total impact (%)

Drastic impact

0 ≤ RI < 0.2

100-80

Severe impact

0.2 ≤ RI < 0.4

80-60

Moderate impact

0.4 ≤ RI < 0.6

60-40

Incipient impact

0.6 ≤ RI < 0.8

40-20

Low impact

0.8 ≤ RI < 1

<20

To analyse the impact of water resources infrastructure on river flow regime, preand post-change periods were identified based on modification of rivers in the study
area. Monthly flow data (1949-2013) for the Iranian water year (from October to
September) were divided into five periods. Period 1 (before 1965) acted as the
baseline (pre-change) period, with no significant human interventions, no dam
construction and no water resources development work. Period 2 (1965-1977)
encompassed the first phase of water resources development work in the lake basin,
with construction of the Shahid Kazemi (1970) and Mahabad (1971) reservoirs.
Period 3 (1977-1989) coincided with the Iran-Iraq war (1980-1988), which halted
development plans throughout the country. However, total regulated volume
increased by 0.015 km3 through construction of 13 small dams in the Lake Urmia
basin (Fig.9). Period 4 (1989-2001) marked the start of modern water resources
exploitation, with construction of 11 dams giving a total regulated volume of 0.28
km3. The lake started drying up in this period (Fig.9). Period 5 (2001-2013) was
the main development period, despite awareness that the lake was already drying
up. Total regulated volume increased by 2.1 km3, to 3.2 km3, with construction of
25 dams, which was twice the total regulated volume before 2001. Flow regime
alterations were assessed considering all important environmental changes and
their individual effects in subsequent periods. The analysis was performed by
developing 10 temporal scenarios (SC) using pair-wise combinations of periods 15 (Table 3): SC1-2 = periods 1 and 1; SC1-3 = periods 1 and 3; SC1-4 = periods 1
and 4; SC1-5 = periods 1 and 5; SC2-3 = periods 2 and 3; SC2-4 = periods 2 and 4;
SC2-5 = periods 2 and 5; SC3-4 = periods 3 and 4; SC3-5 = periods 3 and 5; and
SC4-5 = periods 4 and 5.

40

Table 3. Pre-change and post-change periods in each scenario (SC) pairing of periods
1-5
Scenario

SC1-2

SC1-3

SC1-4

SC1-5

SC2-3

SC2-4

SC2-5

SC3-4

SC3-5

SC4-5

Pre-

Before

Before

Before

Before

1965-

1965-

1965-

1977-

1977-

1989-

change

1965

1965

1965

1965

1977

1977

1977

1989

1989

2001

Post-

1965-

1977-

1989-

2001-

1977-

1989-

2001-

1989-

2001-

2001-

change

1977

1989

2001

2013

1989

2001

2013

2001

2013

2013

period

period

For lake water balance assessment, a simple water balance model was assumed:
=

+(

+

+

−

)

(9)

where Vi and Vi+1 are lake volume on the first day of the current and next month,
respectively, Ri is surface water inflow to the lake, Pi is precipitation on the lake,
Gi is groundwater inflow to the lake and Ei is evaporation from the lake’s surface
in the current month. Annual groundwater inflow to the lake was assumed to be
220 MCM (OWWMP. 2011c), which is negligible compared with other fluxes (and
thus Gi was assumed to be equal to zero). Average evaporation from the lake surface
(Ei) was estimated based on monthly pan evaporation at stations adjacent to Lake
Urmia, using the Thiessen method. Observed monthly evaporation was corrected
by a pan coefficient and salt coefficient (JICA, 2016). Precipitation over the lake
surface (Pi) was estimated by Thiessen method and observed precipitation from
stations near the lake. The water balance model performance was evaluated by
Nash-Sutcliffe model efficiency coefficient (obtained value 0.73). To analyse the
impact of water consumption on lake volume, four scenarios were generated:
Scenario 1: inflow to the lake in the period 1966-2010 continues as in period 1
(before 1966), Scenario 2: inflow to the lake in 1977-2010 is as in period 2 (19661977), Scenario 3: inflow to the lake in 1989-2010 is equal to that 1978-1988, and
Scenario 4: inflow to the lake in 2001-2010 is as in period 4 (1989-2001).
3.3

Agricultural land use change detection

Vegetation classification is the most fundamental approach to separate vegetated
from non-vegetated regions or forested from open land. Such distinctions can have
great significance in some contexts, especially when data are aggregated over large
areas or are observed over long intervals of time, e.g. in the Lake Urmia basin
(Murmu & Biswas, 2015). To detect agricultural land use change in the lake basin,
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a multi-stage classification was used to separate land use type in the basin and
identify agricultural land. The non-cropland area was masked out using land cover
maps provided by the Iranian Ministry of Energy and a crop mask generated inhouse. The crop-masked images were further processed by five supervised
classification methods (Classification & Regression Trees (CART), Random Forest
(RF), Support Vector Machine (SVM), Maximum Likelihood (ML) and Bayes
Classifier). The classified images were aggregated in an ensemble to generate the
crop map of the region by an ensemble learning method.
3.3.1 Satellite imagery archive
To analyse agricultural land use change in the lake basin, the Landsat archive was
used. Landsat data have been freely available since 2008 (Woodcock et al., 2008).
Landsat 5 was launched on March 1, 1984. The Thematic Mapper (TM) instrument
aboard Landsat 5 provided 30-m resolution data for over 28 years until 2012.
Landsat 7, carrying the Enhanced Thematic Mapper (ETM+), was launched on
April 15, 1999. Despite failure of the scan-line corrector (SLC), which has resulted
in data gaps in the ETM+ imagery, Landsat 7 is still providing useful information
over about 80% of a given Landsat scene. Landsat 8 was launched on February 11,
2013. The Operational Land Imager (OLI) instrument aboard Landsat 8 provides
high quality 30-m resolution shortwave data on a 16-day repeat cycle. Landsat data
are incorporated to generate vegetation, soil and parent material variables. The data
type of acquired images is USGS surface reflectance, which is georectified and
terrain-corrected. Landsat offers the longest record of data available (Pekel, Cottam,
Gorelick, & Belward, 2016; Wulder et al., 2016). The medium resolution of
Landsat images (30 m × 30 m) is acceptable for crop mapping (C. N. Epiphanio &
Shimabukuro, 2003).
The image acquisition period for the study region covered a wide range, from
1990 to 2015. Another source of data in classification was two 30-m bands
containing information on elevation and slope using data from (Wulder et al., 2016)
the Shuttle Radar Topography Mission (SRTM) (Farr et al., 2007). The digital
elevation map (DEM) dataset provided an important non-spectral input for the
classification, by characterising elevation and slope-related landscape variability.
Given the large amounts of data involved, all processing was performed on the
Google Earth Engine (GEE, http://earthengine.google.com), which was used to
access, process and composite Landsat imagery. The easy and simultaneous access
to large pools of satellite imagery and products, and the fast and scalable
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computational tools offered, made GEE an ideal tool for the intended application
in this thesis.
Observation availability in each year varied across space and time, driven by
several concurrent factors, including cloud and shadow contamination (Whitcraft,
Vermote, Becker-Reshef, & Justice, 2015). Furthermore, images from Landsat 7
ETM+ are affected by technical issues related to the malfunctioning of its SLC,
which causes a loss of a fraction of data in each image collected after 2003
(Markham, Storey, Williams, & Irons, 2004). Since up-to-date land use maps are
not available for the lake basin, a crop mask had to be developed to identify nonagricultural areas in the lake basin. Using this, any pixel where Landsat normalised
difference vegetation index (NDVI) was never N0.4 (Jain, Mondal, DeFries, Small,
& Galford, 2013) were masked out.
3.3.2 Classification scheme and training data
Classification of remotely sensed data is one of the most commonly used methods
for obtaining land use/cover information. The accuracy and reliability of the
information gathered by the imagery is highly dependent on the classification. To
improve the classification accuracy in this thesis work, five different supervised
classification methods were implemented (CART, RF, SVM, ML and Bayes
Classifier) and an ensemble of all the classifiers was created based on the majority
voting strategy. Five classes of agricultural land were mapped: apple orchards,
vineyards, summer crops, alfalfa and wheat. Uncropped areas were excluded from
the classification, using an agricultural mask based on the NDVI values observed
throughout the year.
The classification of satellite images starts with collection of sample points for
training the classification algorithm and validating the results. These sample points
generally have to be collected by a field survey at the same time as satellite image
acquisition. In this thesis, two sets of training data were used to generate the crop
maps. In the first stage, to mask out non-vegetation area, a specially designed
vegetation filter and land cover maps provided by the Ministry of Energy were used.
The land cover map data were in shape file format and nation-wide scale. The data,
which were collected in 2007, represent discrete features of land cover types (water,
irrigated agricultural, rain-fed agriculture, forest, urban areas, pasture and bare
lands). The images were first classified based on the training data produced by the
2007 land cover map, Google Earth and a field survey. Training data for agricultural
crop classification were gathered through a farm-scale survey in summer 2015.
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Ground truth data were collected from over 900 farms in the lake basin during
summer 2015.
3.3.3 Ensemble learning
By combining base classifiers, ensemble learning aims at a more accurate
classification decision, at the expense of increased complexity (Conţiu & Groza,
2016). There are three types of reasons (statistical, computational and
representational) why an ensemble learner might be better than a single classifier
(Dietterich, 2000). From a statistical perspective, an ensemble learner, even if it
will not be better than the best classifier, diminishes the risk of using an inadequate
base classifier from the classifier space. From the computational perspective,
different base classifiers may lead to different local optima. By aggregating them,
the ensemble obtained has more chances of computing a better solution. From the
representational viewpoint, the classifier space might not contain the optimal
classifier for the given problem. In this case, the ensemble can better approximate
the decision boundary, by aggregating the available sub-optimal classifiers. A
decision is required when the learning algorithms do not agree on how to classify
particular instances. Various methods of blending the outputs of base classifiers
have been developed (Conţiu & Groza, 2016). These include an algebraic
combination of outputs, voting-based techniques (majority vote, hierarchical
majority voting, weighted majority vote) and behaviour knowledge space (Raudys
& Roli, 2003). In this study we have used majority of votes technique. Majority
voting is the most commonly used method to collect label outputs of each classifier
for a given pixel and then assign the pixel to the majority label, and it was also the
method used in this thesis. In voting, each single classifier has a vote. The pixel x
is labelled with the class
that has obtained the most votes, i.e.
=
(
),
where
is
the
class
of
pixel
and
is
the
number
of
votes
for
…
the class. In the case of ties, the uncertainty of the single classifiers may be used.
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4

Results

4.1

Rainfall characterisation through statistical and principal
component analyses (Paper I)

The structure of pair-wise correlation plots suggested that the Lake Urmia basin is
not a homogeneous region as regards precipitation. Further analysis on
precipitation with PCA and clustering was conducted to explain the heterogeneity
and identify homogeneous sub-regions. The KMO value was found to be 0.73,
indicating that the selected variable set was suitable for structural analysis. The set
of 15 statistical descriptors, comprising 25th percentile, 75th percentile and
coefficient of variation for annual and seasonal total precipitation, was subjected to
PCA. Orthogonal varimax rotation of first six PCs was used to improve the
significance of influential variables and loads. The first six components after
varimax rotation explained 32, 17, 16, 12, 8 and 7 % of total variance (see Table 1).
Based on the scree plot of eigenvalues (Fig.11a), the first six PCs, explaining 92%
of total variance, were retained for further analysis.
The first rotated PC (RPC1) had high negative loadings for the 25th and 75th

Fig. 11 Results of principal component analysis (PCA). A) Scree plot of eigenvalues for
principal components (PC) 1-15; b: Biplot of variables explained by PC1 and PC2.

percentiles of annual, autumn and winter total precipitation (Fig.11b), indicating
that precipitation variability is an important variable describing the spatial pattern
of precipitation in the Lake Urmia Basin. High negative scores for the rotated first
component coincided with western and southern edges of the region, while positive
values coincided with northern and north-eastern parts (Fig.12). The spatial
distribution of the first component scores was similar to the spatial distribution of
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the 75th and 25th percentile of winter and autumn precipitation, respectively (75winter and 25-autumn in Fig.11b). Western and southern parts of the Lake Urmia
basin receive higher amounts of precipitation during the cold season. Wet season
precipitation in the whole region arises mostly because of westerly winds bearing
moisture from the Mediterranean Sea (Dinpashoh et al., 2004). Topography
controls part of the precipitation distribution in the region. Precipitation generally
decreases from west to east. The mountainous terrain in the west and south causes
precipitation fronts to deposit most of their moisture. Thus, they move to the eastern
part of the basin carrying less moisture.

Fig. 12 Spatial distribution of principal component analysis (PCA) scores
computed based on the loadings of the first six rotated principal components
(RPC1-6).

The second PC, explaining 17% of total variance, was highly related to total
precipitation in summer and the 25th and 75th percentiles of summer precipitation
(Fig.11b). This indicates that summer precipitation is the second most important
variable in the generation of heterogeneous precipitation regions in the Lake Urmia
Basin. The high negative values of the second component scores coincided with the
north and north-east of the basin (RPC2 in Fig.12). The spatial pattern of this
component was consistent with the spatial distribution of the 25th and 75th
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percentiles of summer precipitation (25-summer and 75-summer in Fig.11b). The
region is characterised by more precipitation in summer due to the convective
mechanism, local circulation and lake effects. The high positive loading for the
third PC, distributed in western edges of the lake basin, explains the importance of
spring precipitation variability in the precipitation pattern of the region (RPC3 in
Fig.12).
Spring and annual total precipitation proved to be the most influential variables
for the fourth component, explaining 12% of total variance. The spatial distribution
of this component indicated smaller variation throughout the region (RPC4 in
Fig.12). The pattern suggests that spring and annual total precipitation have less
effect on the spatial variation in precipitation in the region. The contribution of
autumn precipitation to the region’s precipitation pattern was defined by the fifth
component, explaining 8% of total variance (RCP5 in Fig.12). Winter total
precipitation variation, with high positive values in the south and south-west of the
region, was explained by the sixth component, covering 7% of the total variance
(RCP6 in Fig.12). Thus, the spatial pattern of the computed scores explains the
importance of the contribution of seasonal precipitation variability to the spatial
variation in precipitation regime.

Fig. 13 Spatial distribution of the precipitation characteristics analysed, divided into the
three spatially homogeneous groups of recording stations identified (Groups 1-3). CV
= coefficient of variation, 25- = 25th percentile of annual and seasonal total precipitation,
75- = 75th percentile of annual and seasonal total precipitation.
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4.2

Delineation of homogeneous rainfall groups and
corresponding precipitation characteristics (Paper I)

Considering the total variance explained by PCA components (92%), the first six
rotated PCs were subjected to cluster analysis. The spatial distribution of rotated
PCs is shown in Fig.13. The hierarchical cluster analysis identified three spatially
homogeneous groups (Group 1, Group 2 and Group 3) for the Lake Urmia basin.
These groups differ in precipitation characteristics and in the effects of
physiography, land use and climate throughout the region (Fig.14).

Fig. 14 Topography associated with the three spatially homogeneous groups of
precipitation recording stations within the Lake Urmia basin.

Group 1 comprises 77 stations, mostly located in central parts of the basin and
extending from north-west to south-east following the north-south-oriented
mountainous terrain (Fig.14). Annual total precipitation recorded at stations in this
group varies from 187 to 469 mm, with an average of 335 mm. The proportion of
spring, winter, autumn and summer precipitation in annual total precipitation is 38,
31, 27 and 3 %, respectively. Local precipitation is controlled by mid-altitude
topography and lake effects. Moist air carried by westerly winds decreases after
crossing high mountains in the western part of the region and causes less
precipitation during winter in central parts than in western and southern areas of
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the region. In spring, when the westerly winds weaken, the temperature in the
region rises as the days get longer and the heating of the ground gives rise to
moisture in the region. Intensively irrigated agricultural lands in the region
contribute to convective rainfall generation systems through changes in surface
albedo and moisture amount in the air (Pielke et al., 2007). Convective and frontal
thunderstorms, along with the weakened effect of the westerlies, result in
considerable amounts of precipitation in central parts of the basin in spring.
Stations within Group 2 are located in northern and north-eastern parts of the
Lake Urmia basin (Fig.14). For this group, spring, winter, autumn and summer total
precipitation contributes 45, 22, 23 and 8 %, respectively, to annual total
precipitation. The westerly winds have minor effects on wintertime precipitation in
this part of the region, in contrast to the western and central parts. Cold, dry
Siberian fronts crossing the Caspian Sea sometimes penetrate into the north-east of
the region during winter and have a negative effect on winter precipitation amounts
(Alijani & Harman, 1985). The most pronounced characteristic observed for Group
2 stations is summer precipitation. Summer is generally a dry season throughout
Iran, but the Lake Urmia basin receives a small amount of precipitation during
summer. The 75th percentile of summer precipitation, a criterion in planning
agricultural water demands during the growing season, is highest in northern and
north-eastern parts of the region, ranging from 5 to 81 mm. The summer
precipitation pattern has been attributed to lake evaporation and the formation of
low-level clouds, producing short-duration rainfall (Delju, Ceylan, Piguet, &
Rebetez, 2013). The other distinct feature of this group is the contribution of spring
precipitation to annual total precipitation. The amount is higher than for the other
two groups of stations. This can be attributed to the influence of local and
atmospheric circulation. The area in general receives less precipitation (319 mm
average annual total precipitation) than southern and central parts of the region due
to the moisture-depleted westerly winds, topography and land use. Eastern and
north-eastern parts of the lake basin have less agriculture and more industrialised
land than central and western parts (OWWMP, 2010). Land use type and associated
pollutants affect the water cycle in the area and cause a reduction in precipitation
amounts (Huntington, 2006).
Group 3 consists of precipitation recording stations at the western and southern
edges of the basin, located on mountain lee sides (Fig.14). Spring, winter, autumn,
and summer precipitation contributes 31, 39, 26 and 2 %, respectively, to total
annual precipitation. Mean annual total precipitation in this region is about 515 mm,
much larger than the regional average (364 mm). The high mountains to the west
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prevent moisture-bearing air masses from moving across the region to central and
eastern parts of the basin, which consequently receive less precipitation than the
regional average. Westerly winds, which are stronger during the winter, control
precipitation distribution at the southern and western edges of the basin. Summer
precipitation in this sub-region is the lowest of all regions in the lake basin and is
influenced by distance from the lake.
The orientation of the clusters identified illustrates that the precipitation pattern
is largely controlled by orography and varies regionally with distance from the lake.
The high mountains to the west prevent moisture-bearing air masses from moving
across the region to central and eastern parts of the basin, including large parts of
East Azerbaijan province, which consequently receive less precipitation than the
regional average. Rainfall amount increases with increasing distance from the lake
shoreline in all directions.
4.3

Flow regime alteration in lower reaches and headwaters of the
rivers (Paper II)

During the observation period (1965-2013), the main changes in the lake water
balance components were observed for average inflow, which declined from 2362
MCM before agricultural land development (pre-1978) to 1592 MCM after
agricultural development (1978-2013). The evaporation directly from the lake has
remained almost unchanged over time, despite the reduction in area due to more
pan evaporation with time. Mean precipitation has increased slightly, from 300 mm
before 1978 to 275 mm in the period 1978-2013. The results of lake water balance
simulation for the four scenarios generated (SC1-4) suggest that water consumption
in the lake basin has had significant impact on lake volume (Fig.15).

Fig. 15 Estimated volume of Lake Urmia in inflow scenarios 1-4.
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The analyses showed a considerable reduction in mean annual discharge in the large
lowland rivers flowing into Lake Urmia, whereas the discharge in smaller
headwater streams has changed only slightly (Fig.16, Fig.17b-g, Table 4). As the
lowland river reaches are affected by dams and irrigation and the headwater streams
are rather unaffected, it can be deduced that the observed change in discharge in
the former is caused by expansion of agricultural activities, and not by climate.
The RI index analysis showed that the flow at gauging stations located close to
the lake (in lower reaches of the rivers) had undergone moderate to severe changes,
especially in period 5 (2001-2013) (Fig.16a). However, regional differences were
also found. In the eastern part of the catchment, the most severe changes occurred
in period 4 (1989-2001). The river Shahr-Chay, flowing from the west to the lake,
suffered the most significant change, with about 82% alteration in flow (RI = 0.20
at Keshtiban station). The river flow in the two most important rivers feeding Lake
Urmia, the Zarrineh-Rud and Simineh-Rud in the south, fell into the category of
severely impacted in the SC2-5 and SC4-5 comparisons, with an estimated RI
factor of 0.32 (Fig.16). The smallest change in flow regime of the major rivers was
observed for the Baranduz-Chay in the west of the region (RI=0.46 at Babarud
station) (Table 4).
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Table 4. Results of regime flow alteration (river impact, RI) analysis in the main rivers in the Lake Urmia basin in the most impacted

Contribution to

3

Shahr-

7

9

9

14

38

5

Chay

Gauging

35-013

34-009

35-007

34-021

31-015

33-039

56-917

1965-1977

1989-2001

1965-1977

1977-1989

1965-1977

1989-2001

1965-1977

2001-2013

2001-2013

2001-2013

2001-2013

2001-2013

2001-2013

2001-2013

SC3-5

SC2-5

SC4-5

SC2-5

0.18 0.29 0.75 0.50 Drastic

0.26 0.33 0.66 0.97 Severe

SC2-5

SC4-5

0.47 0.56 0.94 0.74 Moderate SC2-5

0.39 0.43 0.99 0.82 Severe

0.32 0.35 0.92 0.93 Severe

0.32 0.34 0.93 0.94 Severe

0.32 0.42 0.88 0.66 Severe

MIF TIF VIF RI class Scenario

RI analysis

lake inflow (%) station code Pre-change period Post-change period RI

Mahabad

Chay

Baranduz-

Chay

Godar-

Chay

Aji-

Rud

Simineh-

Rud

Zarrineh-

River

0.199

0.2

-

0.1

0.38

0.261

0.556

volume, km3

11970

11800

34300

13961

-

18046

86560

fed by dam, km2

Total regulated Irrigation network

periods. MIF = flow magnitude impact factor, VIF = flow variation impact factor, TIF = flow timing impact factor

Fig. 16 Hydrographs before and after dam construction and the river impact (RI) index.
a) Results of RI analysis for downstream stations in all scenarios (MIF = flow magnitude
impact factor, VIF = flow variation impact factor, TIF = flow timing impact factor). Grey:
SC1-2, Light green: SC1-3, Light blue: SC1-4, Orange: SC1-5, Dark red: SC2-3, Pink:
SC2-4, Peach: SC2-5, Dark blue: SC3-4, Dark green: SC3-5, Black: SC4-5. RI value
determined for the river b) Zarrineh-Rud, c) Simineh-Rud, d) Aji-Chay, e) Godar-Chay, f)
Mahabad-Chay and g) Baranduz-Chay in scenario SC2-5 (1965-1977 as the pre-change
period and 2001-2013 as the post-change period).

As can be seen in Fig.17a-f, the hydrographs of headwater streams did not change
significantly over time and in most cases the post- and pre-impact period
hydrographs were identical, except for a few stations with agriculture in their
catchment. Consequently, most of the headwater streams were in the low or
incipient impact classes (Fig.17g), with an RI value ranging from 0.4-0.99, and
only about 20% were classified as being in the moderate impact class (Fig.16g). In
fact, the headwater streams of most of the major rivers were in the low or incipient
impact class even in the last period (2001-2013) (Fig.17). The greatest change in
headwater flows was observed at Mirabad station in the river Shahr-Chay, with
RI=0.42. These results suggest that factors other than climate change were
responsible for the changes in stream flow observed for the lower areas of the basin.
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Fig. 17 Hydrographs before and after dam construction and the river impact (RI) index.
a) Results of RI analysis for headwater stations in all scenarios (MIF = flow magnitude
impact factor, VIF = flow variation impact factor, TIF = flow timing impact factor). Grey:
SC1-2, Light green: SC1-3, Light blue: SC1-4, Orange: SC1-5, Dark red: SC2-3, Pink:
SC2-4, Peach: SC2-5, Dark blue: SC3-4, Dark green: SC3-5, Black: SC4-5. RI value
determined for the river b) Sarugh at Safakhaneh station (33-021, headwater of ZarrinehRud), c) Cham-Saqez at Ghabghablu station (33-007, headwater of Zarrineh-Rud), d)
Nazul-Chay at Tipik station (35-031, head water of Nazul-Chay), e) Mahabad-Chay at
Kuter station (34-003, headwater of Mahabad-Chay), f) Godar-Chay at Pey-Qaleh station
(34-011, headwater of Godar-Chay) and g) Baranduz-Chay at Hashemabad station (35003, headwater of Baranduz-Chay) in scenarios SC2-5/SC4-5 (1965-1977 as pre-change
period, 2001-2013 as post-change period/1989-2001 as pre-change period, 2001-2013 as
post-change period), based on availability of data.

4.4

Spatial and temporal changes in flow regime characteristics
(Paper II)

Among the three characteristics of river flow regime evaluated, flow magnitude
displayed the greatest degree of alteration throughout the region (Fig.18a). In the
lower reaches of the major rivers it declined significantly, by 44% in BaranduzChay and 67% in Mahabad-Chay. In contrast, the flow magnitude decrease in
headwater streams, which were not affected by water regulation and withdrawals
due to dams and irrigation networks, was on average only 20%. Rivers in southern
lowlands adjacent to the lake showed a larger reduction in flow magnitude
(MIF=0.33-0.5) than rivers in other parts of the basin. Rivers in the north-west of
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the lake basin also displayed large reductions in flow magnitude over later decades.
Stream flow magnitude for the river Zula-Chay, with an average inflow of 54 MCM
to the lake, declined significantly (MIF= 0.31) in period 5 (2001-2013) compared
with period 4 (1989-2001), while the reduction in flow magnitude was just ~20%
(MIF=0.8) at the end of period 4 in comparison with period 3 (1977-1989). The
observed reductions in flow magnitude in lower reaches of the main rivers (e.g.
Zarrineh-Rud and Simineh-Rud) were much larger than those in their headwaters,
but little change was observed for flow timing and intra-annual variability. For
example, the VIF varied non-significantly from 3% in Mahabad-Chay to 33% in
Zarrineh-Rud. Higher values of VIF were found for the basin’s mountainous edges
in the west, but in general VIF was similar for the entire basin. There were only
small changes in flow timing characteristics (TIF) and no general pattern was
distinguished for stations in headwaters compared with lower reaches of the rivers.
The only station showing moderate changes in TIF was the headwater stream of the
river Zula-Chay in the north-west of the lake basin, which showed a 124-day shift
in W1768 K maximum flow timing.

Fig. 18 Spatial pattern of changes in flow regime characteristics in the Lake Urmia basin:
a) Flow magnitude impact factor (MIF), b) intra-annual variability impact factor (VIF) and
c) flow timing impact factor (TIF).
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4.5

Agricultural land use change and development

The aim in this thesis work was to generate a detailed crop map for the lake basin.
After evaluating all the available data, an image collection with 13 images acquired
in 1990, 2000, 2007, 2009, 2010, 2013, 2014 and 2015 was created. Each image
was a mosaic of 11 Landsat images, processed in GEE. In the first step of
classification, the area related to cropland and orchards was estimated, where
cropland referred to all cultivated land under permanent crops, including harvested
cropland, crop failure, temporarily fallow or idle land and cropland used
temporarily for pasture. The results of the first stage of classification showed that
agricultural land area in the lake basin has undergone a general increasing trend
over the past two decades (Fig.19). A reduction in cropland area during 2007-2010
was observed, which could be explained by the reported droughts in the region
during these years (Saghafian & Hamzekhani, 2015). In 2015, the irrigated
cropland area reached around 465,863 hectares which is in agreement with figures
reported by Ghale et al. (2017). Analysis of the images also indicated that
agricultural practices have intensified in some parts of the region (Fig.20).
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Fig. 19 Change in agricultural land area in the Lake Urmia basis between 1990 and 2015.

Fig. 20 Intensification of agriculture in the Lake Urmia basin. Crop classification based
on images acquired in a) 2015 and b) 1990.
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Fig. 21 Crop map of the Lake Urmia basin generated for the year 2015.

Efficient annual cropland mapping approaches for operational cropland
characterisation, mapping and monitoring must comply with several requirements
such as reliability, accuracy, automation and effectiveness. The overall accuracy of
crop classification was not within the desired range (about 65%) even after
applying the ensemble learning method. This could be due to many reasons, for
example: 1) a mismatch in land cover between the acquisition time of the images
and the data used to identify a ground point and the observations used to train the
classifier can introduce noise in the machine learning process; 2) the number of
farms used in the study as a training dataset compared against the whole area to be
classified was not sufficient; and 3) the temporal availability of images to create
the whole image for the lake basin was not sufficient. To create an image for the
whole lake basin, images acquired on different days with minimum 15-day spacing
had to be used, due to the 15-day return time of Landsat satellites. However, the
maps produced still greatly outperformed the coarser-resolution products that
currently exist, a significant finding when considering using these maps in
applications that aim at monitoring agricultural landscapes.
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5

Discussion

Wetlands are unique ecosystems that provide critical habitats for a vast range of
biodiversity throughout the world. In arid and semi-arid regions, these ecosystems
are more endangered by changes in water availability due to the climate and recent
economic developments than wetland-dependent ecosystems in other parts of the
world. The available water resources in wetlands can change in response to natural
climate variability, human-induced climate change and diversion of upstream water
sources. Wetlands in arid regions usually take the form of lowland lakes, which are
commonly saline and controlled by processes in upstream parts of the basin. Both
climate and direct land use change are threatening this kind of lake world-wide
(Jellison, Williams, Timms, Alcocer, & Aladin, 2008; Moore, 2016). Saline lakes
have been largely ignored until recently, perhaps partly because of lack of an easily
quantifiable economic value (Moore, 2016; Williams, 2002). Land use and
hydrology in saline lake basins are rarely monitored, making it difficult to
determine water balance and attribute lake drying to land use change or climate
change. Moreover, the available data are usually of coarse resolution on both spatial
and temporal scale. This lack of data and tools for analysis of existing data can lead
to conflicting conclusions (Peñas, Barquín, & Álvarez, 2016).
With the framework developed in this thesis to analyse the precipitation pattern
in the Lake Urmia basin, even though incomplete time series of data with different
lengths were used, the sub-regions identified were physically meaningful (Paper I).
If only stations with data of equal time spans and less than 10% missing data had
been selected for statistical analysis in this thesis, very few stations would have
been selected, resulting in loss of the representativeness of the selected stations. To
avoid information loss, a method that replaces the time series by its statistics was
devised.
To date, the impact of climate and land use change on stream flows has been
analysed through different approaches, such as trend analysis of stream flows and
relevant meteorological factors (Masih, Uhlenbrook, Maskey, & Smakhtin, 2011;
Yang, Lin, Yu, Hao, & Liu, 2010; Zamani, Mirabbasi, Abdollahi, & Jhajharia,
2016), river flow regime alteration analysis using hydrological indicators (Ashraf,
Haghighi, Marttila, & Kløve, 2016; Chen & Weisbrod, 2016; Peñas et al., 2016)
and simulations based on hydrological modelling (Gupta, Kessler, Brown, &
Zvomuya, 2015; Jarsjö, Asokan, Prieto, Bring, & Destouni, 2012). Hydrological
modelling in arid and semi-arid regions is challenging due to the semi-arid climate
characteristic of frequent convective precipitation of high spatio-temporal
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heterogeneity and the sparse and dynamic vegetation cover. These unique physical
conditions make it difficult to define hydrological parameters at high spatial
resolution. Thus statistical impact assessment becomes more convenient, costeffective and time-efficient in these regions. Although substantial progress has been
made, a comprehensive and less time-demanding framework to distinguish
between and quantify the impact of climate and human interventions on river flow
regime by hydrological modelling is still lacking (Krysanova & White, 2015).
The framework developed in Paper II for identifying and quantifying the
impacts of climate and land-use change on flow regimes is a unique and simple
statistics-based method with applicability in arid and semi-arid regions. It was
constructed by analysing changes in headwater and lowland river data using the RI
(river impact) indicator developed by (Torabi Haghighi et al., 2014). River flow
regime alteration analysis helped to identify dominant drivers in lake hydrology.
The framework overcomes the need for an adequate hydrological model to address
the complex water allocation systems and the need for more detailed data, in some
cases daily data. The proposed approach is particularly applicable in saline lakes
basins commonly found in arid and semi-arid regions.
Flow regime alterations in the Lake Urmia basin in the period 1949-2013 were
analysed (Paper II). Water in this basin is highly regulated by a large number of
dams. Reservoirs and irrigation networks have changed the river regime, to
compensate for the mismatch between water availability and high demand for
irrigation water during the dry season. The analysis showed that the main impact
on flow regime is being caused by irrigated agriculture, facilitated by dam
construction and irrigation network installation. The same causes have been
reported for desiccation of Great Salt Lake (Wurtsbaugh, 2014) and the Aral Sea
(Williams, 2002). Given the reported changes in climate in the Lake Urmia region,
with decreased precipitation and increased temperature (Alborzi et al., 2018;
Arkian, Nicholson, & Ziaie, 2016; Delju et al., 2013; Fathian et al., 2014), some
changes in streamflow in the headwaters could be expected, but no significant
changes were noted.
The results from remote sensing analysis of agricultural land use change
showed that from 1990 to 2016, agricultural land area almost tripled (Objective III).
The changes were not limited to agricultural land expansion, but also included
conversion and intensification. Farmlands which were under crop cultivation in
1990 have since been given over to apple orchards and vineyards. The observed
intensification in agriculture in lowlands close to the lake (Fig.20) could explain
the estimated reduction in flow magnitude in low-land river reaches in recent years.
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The expansion and conversion of agricultural lands has resulted in more water
consumption in the lake basin. Agriculture is now using more than 90% of all
available water resources, resulting in the lake drying up. This pattern is similar to
that in most regulated river basins throughout the world (López-Moreno, Beguería,
& García-Ruiz, 2004; Torabi Haghighi et al., 2014).
Estimating the proportion of the streamflow reduction that is due to climate
change is difficult, because climate interacts with land cover/land use and with
population needs, and these have also changed over time in the lake basin. In the
analysis in this thesis, the hydrological regime in the source region of all main rivers
appeared to be dominated by natural forces, whereas human interference, including
dams, reservoirs, water and soil conservation measures, water withdrawal and
diversion, was identified as the primary driving force for hydrological processes in
the middle and lower reaches of rivers in the basin.
In the specific case of Lake Urmia basin, there is a lack of hydrological and
agricultural data not only on temporal scale, but also on spatial scale. Access to
adequate and reliable data is a fundamental requirement for any type of assessment
within water resources management. Lack of sufficient data on the Lake Urmia
basin appears to be one of the main obstacles to understanding lake water balance
and devising appropriate solutions for the current crisis. The findings in this thesis
show that human interventions have had the greatest impact on rivers and subbasins, which indicates that sub-basins should be prioritised when initiating future
river management and lake restoration plans. The crop map presented in this thesis
can be particularly useful in agricultural water management decisions.
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6

General conclusions and future studies

The wetlands in arid and semi-arid regions are special places for humans and
wildlife, because they are fewer in number than in moister regions. They also attract
development interest because they appear to have a surfeit of water, which is
otherwise a scarce arid zone commodity. Wetlands in arid and semi-arid regions are
globally recognised as priority environments for conservation, but are often the
most over-used and highly degraded environments. The hydrological processes
supporting these wetlands are usually less well monitored, resulting in insufficient
data for policy and decision making. In this thesis, an attempt was made to identify
the respective roles of human activities, agricultural land use change and water
resources availability and variability in the observed desiccation of Lake Urmia in
Iran. Lake Urmia is one of the largest saltwater lakes on Earth and is now a highly
endangered ecosystem on the brink of a major environmental disaster similar to the
catastrophic death of the Aral Sea. Lake Urmia once occupied an area of
approximately half a million hectares, but its shoreline has been receding severely
with no sign of recovery, leading to a significant shrinkage in lake surface area to
~80% of the original size. The lake’s shoreline retreat has exposed the former lakebed, which consists of salt crusts (~ 400 km2 of sodium chloride-covered flats), to
wind forces. The resulting salt storms increase the risk of irreversible ecosystem
regime shifts, diminish the fertility of nearby agricultural lands and cause biotoxicity and chronic human health effects.
One of the frameworks developed in this thesis was used to identify the spatial
pattern of precipitation across the Lake Urmia basin, and to shed light on regional
differences in water availability. Using a large number of rainfall records and a
wide array of statistical descriptors, precipitation was evaluated across space and
time. One of the key outcomes was identification of homogeneous precipitation
regions based on clustering techniques and principal component analysis. The
delineated regions were found to have physically meaningful explanations, mainly
affected by surrounding mountains and the lake itself. Principal component analysis
of seasonal variability showed that the 25th and 75th percentiles of annual, autumn
and winter total precipitation were the most significant contributing variables to the
first rotated principal component, which explained about 32% of the total variance.
The second rotated principal component was mainly explained by variations in
summer precipitation, while the 25th and 75th percentile variation in spring total
precipitation controlled the variance in the third rotated principal component.
Identifying the impact of climate and human activities on water resources in saline
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lake basins is generally a challenging task, mainly because of lack of long-term
observations. Because of its simplicity and lower data requirement, the framework
proposed in this thesis, using so-called RI index, is an efficient method for
investigating the role of human activities and climate in saline lake basins. In the
case of Lake Urmia, the results showed that the main consequence of increasing
river impoundment in the lake basin has been greater flow regime alteration in
lower reaches of the basin’s rivers compared with their headwaters. Analysis of
land use images revealed that this was due to rapid land use change towards more
irrigated agriculture since 1965.
This thesis provides much of the information needed to understand the changes
in the hydrology of the Lake Urmia basin and attribute these to their main causes.
Any restoration plan for the lake needs to be simulated in future studies and
calibrated using the historical data. The lake’s hydrometric network lacks critical
gauging stations at controlling points of the rivers, so these should be installed. The
lack of recorded data for agricultural lands in past years was an obstacle to validate
results obtained from the image processing. It is also recommended that a more
thorough survey be conducted on farm information, cultivated crops and crop
rotation, in order to produce a more accurate and detailed crop map for the lake
basin.
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